The symmetry of crystalline silicon inhibits a second-order optical nonlinear susceptibility, χ (2) , in complementary metaloxide-semiconductor-compatible silicon photonic platforms. However, χ (2) is required for important processes such as phase-only modulation, second-harmonic generation (SHG) and sum/difference frequency generation. Here, we break the crystalline symmetry by applying direct-current fields across p-i-n junctions in silicon ridge waveguides and induce a χ (2) proportional to the large χ (3) of silicon. The obtained χ (2) is first used to perturb the permittivity (the direct-current Kerr effect) and achieve phase-only modulation. Second, the spatial distribution of χ (2) is altered by periodically patterning p-i-n junctions to quasi-phase-match pump and second-harmonic modes and realize SHG. We measure a maximum SHG efficiency of P 2ω /P ω 2 = 13 ± 0.5% W −1 at λ ω = 2.29 µm and with field-induced χ (2) = 41 ± 1.5 pm V -1
, in complementary metaloxide-semiconductor-compatible silicon photonic platforms. However, χ (2) is required for important processes such as phase-only modulation, second-harmonic generation (SHG) and sum/difference frequency generation. Here, we break the crystalline symmetry by applying direct-current fields across p-i-n junctions in silicon ridge waveguides and induce a χ (2) proportional to the large χ (3) of silicon. The obtained χ (2) is first used to perturb the permittivity (the direct-current Kerr effect) and achieve phase-only modulation. Second, the spatial distribution of χ (2) is altered by periodically patterning p-i-n junctions to quasi-phase-match pump and second-harmonic modes and realize SHG. We measure a maximum SHG efficiency of P 2ω /P ω 2 = 13 ± 0.5% W −1 at λ ω = 2.29 µm and with field-induced χ (2) = 41 ± 1.5 pm V -1
. We expect such fieldinduced χ (2) in silicon to lead to a new class of complex integrated devices such as carrier-envelope offset frequency stabilizers, terahertz generators, optical parametric oscillators and chirp-free modulators.
S econd-order nonlinear optical effects are close to zero in complementary metal-oxide-semiconductor (CMOS)-compatible materials (for example, Si, SiN, SiO 2 and Ge), as these materials are centro-symmetric and the second-order nonlinear susceptibility χ (2) is inhibited in the electric-dipole approximation 1 . This provides a significant challenge for second-order nonlinear processes such as second-harmonic generation (SHG) and phase-only modulation in a CMOS-compatible platform. Due to this limitation, wavelength generation in silicon has been focused on third-harmonic generation 2, 3 and four-wave mixing 4, 5 using the third-order nonlinear susceptibility χ (3) (ref. 6 ). Nonetheless, high-efficiency SHG is still required for common carrier-envelope frequency offset locking techniques 7 and mid-infrared to telecom wavelength conversion.
Recently, χ (2) in silicon has been realized thanks to a deposited SiN stressor layer that broke the centro-symmetry 8 . However, a low SHG efficiency of P 2ω /P ω 2 ≈ 10 −5 % W −1 was measured due to the phase mismatch between the pump and signal wavelengths. SHG in SiN waveguides 9, 10 has also been achieved, but again with a low SHG efficiency of P 2ω /P ω 2 = 0.1% W -1 (ref. 10) . These efficiencies are indeed low compared to SHG with non-centro-symmetric media characterized by large χ (2) , high modal overlap and phase matching between the pump and signal modes [11] [12] [13] . To the best of our own knowledge, these features have not been shown simultaneously on a CMOS-compatible platform.
An asymmetry is introduced into the crystalline structure of a material in the presence of an applied electric field because the dipole moments orient themselves in the direction of the applied field 14, 15 . Through this process, the third-order nonlinear susceptibility χ (3) is converted to χ (2) , enabling SHG and many other processes. This electric-field-induced SHG (EFISHG) was initially used for material parameter extraction from semiconductors 14 and field measurements of silicon metal-oxide-semiconductor (MOS) transistor interfaces 15 . This process was also achieved using nonlinear polymers within silicon slot waveguides 16, 17 . Recently, a weak field-induced SHG contribution was reported as part of the SHG in strained silicon waveguides due to positive charges in the silicon interfaces 18 . A field-induced χ (2) can be strong in silicon because it exhibits a large χ (3) (ref. 19) ; in fact, field-induced nonlinear optical effects based on high-order susceptibilities scale with the applied electric field 1, 15 , and the upper limit of the field-induced χ (2) is imposed by the breakdown field of silicon (E
However, phase matching is challenging for many optical wavelengths in silicon waveguides, and these wavelengths can instead be quasi-phase-matched with a periodically generated electric field 21 .
The field-induced χ (2) can also perturb the electric permittivity and introduce a phase shift. This is referred to as the d.c. Kerr effect or quadratic electro-optic Kerr effect 19, 22 ; this is an inherently phase-matched process. So far, high-speed phase shifting in silicon has been achieved with the plasma-dispersion effect 20 , as the absence of χ (2) prevents the realization of the Pockels effect commonly used in LiNbO 3 , for example. The drawback of the plasma-dispersion effect is that both real and imaginary parts of the refractive index are perturbed, which in turn introduces an amplitude chirp to the phase shift. By contrast, a field-induced χ (2) can produce high-speed, phase-only shifts in silicon waveguides. Here, we demonstrate the d.c. Kerr effect and EFISHG in integrated silicon ridge waveguides. We implanted the waveguides with ions to form compact p-i-n junctions, which concentrate electric fields and take advantage of the large χ (3) of silicon. The d.c. Kerr effect was demonstrated in a silicon Mach-Zehnder interferometer (MZI) with a voltage required to induce π phase shift for a given length (V π L) of 2.8 V cm. For efficient EFISHG in silicon, the fundamental pump and signal modes are quasi-phase-matched with periodically patterned p-i-n junctions. In this configuration, a SHG efficiency of P 2ω /P ω 2 = 13 ± 0.5% W −1 at λ ω = 2λ 2ω = 2.29 µm was measured, the most efficient CMOS-compatible SHG to date. This corresponds to an effective field-induced χ 2 ( ) of 41 ± 1.5 pm V -1 at an applied d.c. bias of −21 V. Varying the waveguide width and the spatial period, we recorded SHG at multiple wavelengths spanning from λ ω = 2.16 µm to 2.42 µm. Furthermore, the signal power scaled quadratically with pump power and proportionally with the applied reverse bias, confirming the nonlinear origin of the EFISHG. The SHG spectrum follows a sinc 2 -like envelope, in good agreement with theory.
Field-induced χ (2) theory
The d.c. Kerr effect and EFISHG are effective χ (2) processes that can be derived from a material exhibiting χ (3) . 
where ε 0 and ε Si are the vacuum and relative silicon permittivities, respectively. The EFISHG and d.c. Kerr effects induce a relative permittivity related to the χ 3 ( ) xxxx tensor element and to the applied d.c. field. Both effects are present within the silicon transparency window. However, the EFISHG generated wavelength should also be within the window for high SHG efficiency.
Direct-current Kerr effect design
We first designed devices to demonstrate the d.c. Kerr effect and confirm a field-induced χ (2) , because phase-matching is inherently satisfied. We thus fabricated two silicon ridge waveguides with embedded p-i-n junctions (Fig. 1a) . The core of the silicon waveguides has a width of 500 nm, with intrinsic region widths W i,1 and W i,2 . The intrinsic regions were simulated using a process and device simulator (see Methods, 'Process and electrical simulations'), fitting to W i,1 = 500 + 2 V dc + 0.5 and W i,2 = 200 + 58 V dc + 0.5 (in nm). The large intrinsic regions were chosen to observe a relatively large d.c. Kerr effect and minimize the relative electro-refractive permittivity change due to the plasma-dispersion effect 20 . The fundamental transverse electric (TE) mode was selected for maximal confinement, and propagation was chosen to be in the z direction. The optical mode profile e x ω (Fig. 1b) was simulated using a finite-difference mode solver 23 . The x, y and z directions are aligned with the (0 1 0), (0 0 1) and (1 0 0) crystalline axes of the silicon wafer. The generated electric field in the p-i-n junction is aligned with the x direction (that is, E z dc = E y dc = 0) to utilize the diagonal (that is, the largest) tensor elements in the third-order nonlinear susceptibility of silicon, χ 
Direct-current Kerr effect results and discussion
We placed the designed silicon ridge waveguides in MZIs as optical phase shifters for characterizing the d.c. Kerr relative permittivity (Fig. 1c) . MZIs with a 4.5-mm-long phase shifter with W i,1 and 3-to 4-mm-long phase shifters with W i,2 were fabricated on a 300-mm-diameter silicon-on-insulator (SOI) wafer (see Methods, 'Device fabrication'). We recorded the optical power in the bar and cross ports of the MZIs as a function of applied voltage to a single arm of the MZIs (Fig. 1d,g ), finding V π L values of 6.8 V cm and 2.8 V cm at λ ≈ 1.58 µm for intrinsic regions W i,1 and W i,2 , respectively (see Methods, 'Direct-current Kerr measurements'). The power difference between the cross and bar ports was normalized and fitted with cos(2πΔn(V dc )L/λ), where L is the MachZehnder arm length and Δn(V dc ) is the induced refractive index as a function of applied voltage (Fig. 1e,h ). The Δn(V dc ) was accurate to ±10
−5 due to curve-fitting inaccuracies and experimental errors determined by non-ideal fibre-to-chip coupling.
The observed relationship between refractive index change and voltage was quadratic and pseudolinear for intrinsic region widths W i,1 and W i,2 , respectively. In these waveguides, the plasmadispersion effect is expected to be small given the large intrinsic regions. Furthermore, we expect the plasma-dispersion effect to follow a dependence close to the square root of the applied voltage in light of the voltage dependence of the intrinsic region width. However, this is not observed due to the contribution from the d.c. Kerr effect. The plasma-dispersion effect in the waveguide with an intrinsic region width of W i,2 contributed to the change in refractive index two times less than the d.c. Kerr effect for large electric fields, and is negligible in the waveguide with the larger intrinsic region of width W i,1 . The loss change over 20 V was measured to be 0.9 ± 0.2 dB cm −1 for a straight waveguide (Fig. 1f ) , indicating minimal amplitude chirp. The uncertainty in the loss change was determined by imperfect repeatability of the fibre-to-chip coupling. In addition, we measured the MZI bandwidths of W i,2 to ensure that the origin of the phase shift was not related to free carriers and carrier lifetimes, as is the case in refs 25 and 26. An a.c.-coupled small signal was applied through a 50 Ω terminated probe to the MZIs at the quadrature point, and the electro-optic response followed an expected RC-limited bandwidth (5 and 6.5 GHz for 4 and 3 mm phase shifters, respectively), as shown in Fig. 1i , which was higher than the carrier lifetimes reported in refs 25 and 26. There are several potential advantages of d.c. Kerr-effect-based silicon phase shifters over plasma-dispersion-effect-based phase shifters. The waveguide core of a plasma-dispersion-effect-based phase shifter is doped, which results in an inherent insertion loss. Furthermore, the plasma-dispersion effect introduces a fundamental amplitude chirp due to perturbations of the real and imaginary parts of the refractive index. As it is not necessary to dope the waveguide core of a d.c. Kerr phase shifter, there is no amplitude chirp due to the d.c. Kerr effect. Besides, plasma-dispersion-based shifters rely on a large-capacitance p-n junction to maximize the electrooptic response, limiting the bandwidth 24 , but the d.c. Kerr effect is based on a low-capacitance p-i-n junction. These properties enable low-loss, chirp-free and high-bandwidth modulators in a MZI configuration. Therefore, complex modulation formats, coherent communications, radiofrequency (RF) links and electro-optic analogto-digital conversion can be realized with d.c. Kerr-effect-based MZI modulators without signal equalization.
EFISHG design
Another common application of materials exhibiting χ (2) is SHG. Unlike the inherently phase-matched d.c. Kerr effect, EFISHG requires phasematching of the pump and frequency-doubled signal. For EFISHG, the x-polarized pump and signal modes (e x ω , e x 2ω ) in a silicon ridge waveguide were both chosen to be fundamental TE modes (Fig. 2a,b) . Fundamental modes achieve maximal confinement in the silicon core, and a large overlap between pump and second-harmonic signals. In this case, the induced second-order nonlinear susceptibility is related to the third-order nonlinear susceptibility by equation (1): 19) . In this case, we chose signal and pump wavelengths equal to λ 2ω ≈ 1.145 µm and λ ω ≈ 2.29 µm. The signal wavelength was selected to be within the transparent silicon region to minimize absorption. We used the model in ref. 27 and the thirdorder nonlinearities in refs 4 and 27-33 to estimate the tensor element to be χ . The effective second-order nonlinear susceptibility, χ 2 ( ) xxx , that acts upon the pump and signal modes, is determined using the overlap integral over the intrinsic silicon area, v i , and the waveguide area, v 0 ,
The core of the silicon waveguide was chosen to be 800 nm wide to maximize the overlap integral between the fundamental TE pump and signal modes while minimizing the required electrical voltage for generating large electric fields (Fig. 2c) . We simulated the electric field within the silicon core waveguide using the Sentaurus software suite from Synopsys. When a reverse bias of 21 V was applied to the junction, the electric field was quite uniform inside the silicon core with E x dc = 25 V µm -1 , and the effective second-order nonlinearity was simulated to be χ
Although a large second-order nonlinearity can be induced in silicon, the pump and signal propagation constants (k ω , k 2ω ) are required to be phase-matched for efficient SHG, 2k ω − k 2ω = 0. This is not the case for the fundamental TE optical modes due to waveguide and material dispersion, k ω = 6.132 µm −1 and k 2ω = 16.627 µm −1 at λ ω ≈ 2.29 µm and λ 2ω ≈ 1.145 µm (see Methods, 'Eigenmode simulations'). Therefore, the pump and signal should be coupled only when both are in phase, and decoupled when both are out of phase. This condition is referred to as quasiphase-matching. A spatially periodic electric field along the waveguide is required to quasi-phase-match pump and signal modes in silicon. We thus added lateral p-i-n junctions with a period of Λ = 1.44 µm to realize the periodic electric field (Fig. 2d) . The period was selected to correspond to twice the coherence length for first-order quasi-phase matching 19, 34 : 2k
2ω + (2π/Λ) = 0. The generated second-harmonic power P 2ω for a quasi-phasematched nonlinear medium was derived using nonlinear coupled mode theory and the undepleted-pump approximation in ref. 19 :
where n ω = 2.245 and n 2ω = 3.043 are the effective refractive indices at the pump and signal wavelengths, α ω = 3.6 cm −1 (15.6 dB cm ) are the simulated optical power loss coefficients at pump and signal wavelengths, P ω is the pump power, A = 0.0915 µm 2 is the modal area, L = 1 mm and L qpm = 0.5 mm are the nonlinear waveguide and quasi-phase-matched section lengths, and Δk = k TE 11 2ω − 2k TE 11 ω − 2π/Λ = 2πn 2ω /λ 2ω − 4πn ω /λ ω − 2π/Λ is the phase mismatch between the pump and second-harmonic signal, including the quasi-phase-matched period. The pump power dependence of the SHG was calculated using equation (2) (Fig. 3a) . The SHG efficiency was estimated to be within 0.9 ≤ P 2ω /P ω 2 ≤ 12% W −1 . The spectral response of SHG at P ω = 25 mW was also calculated using equation (2) (Fig. 3b) . The spectral bandwidth of the main lobe was 6.5 nm. This efficiency can be achieved if the duty cycle is fixed within each period (see Methods, 'Duty cycle errors'). Furthermore, when the waveguide width and the spatial period are altered in different waveguides, the quasi-phase-matched pump wavelength was designed to be within λ ω = 2λ 2ω = 2.15 µm and λ ω = 2λ 2ω = 2.42 µm. The pump depletion is calculated to be effective beyond 1 W pump power inside silicon 19 and was negligible in this power range (P ω < 100 mW).
EFISHG results and discussion
The designed second-harmonic generators were fabricated on a 300 mm SOI wafer (Fig. 4a,b) . The p-i-n junctions within the waveguide were reverse-biased from −0.7 to 21 V. When the devices were reverse-biased further than 21 V, the response was not stable due to leakage current. SHG was not observed when the junction was forward-biased (V dc < −0.5 V) or the spatial period did not provide the proper quasi-phase matching for the pump and signal wavelengths. This behaviour indicates negligible background SHG NATURE PHOTONICS DOI: 10.1038/NPHOTON.2017.14 ARTICLES from other contributions. We recorded the second-harmonic signal as a function of the applied d.c. bias, as shown in Fig. 4c (see Methods, 'EFISHG measurements'). The measurement uncertainty due to fibre-to-chip coupling was ±0.5 dB. Linear scaling of SHG efficiency as a function of the electric field was also recorded (Fig. 4c, inset) . The maximum SHG efficiency was measured to be P 2ω /P ω 2 = 13 ± 0.5% W −1 at a pump wavelength of λ ω ≈ 2.29 µm and a reverse bias of V dc = 21 V. The uncertainty of the SHG efficiency originated from the fluctuations of the optical power during measurements. The reverse-bias current passing through the p-i-n junction was below 0.1 µA at V dc = 21 V, and electric fields were below the breakdown field of silicon. Overlaying the measurement results with the simulations in Fig. 3a , we determined the effective field-induced second-order nonlinear susceptibility χ 2 to be 41 ± 1.5 pm V -1 . These results matched well the upper limit of the reported third-order nonlinear susceptibilities 4, [27] [28] [29] [30] [31] [32] [33] . The SHG power was also measured with external optical spectrum analysers (OSAs) as a function of reverse-bias voltage and signal and pump wavelengths, as shown in the inset to Fig. 4d . In this case, the measurement uncertainty due to fibre-to-chip coupling was ±0.9 dB. The expected sinc 2 -like response and doubling of pump frequency at the second-harmonic frequency are illustrated in Fig. 4d . We note that the spectral sidebands of the sinc 2 -like response increased slightly faster than the main peak for an increasing d.c. field, providing additional insight into the ultimate limitations of field-induced second-order nonlinear wave mixing efficiency in a CMOS-compatible platform. The spectral response at a reverse bias of V dc = 21 V is overlaid with the simulations in Fig. 3b for comparison with theory . Furthermore, when we tested the waveguides with different widths and spatial periods, we observed SHG at multiple wavelengths spanning from λ ω = 2λ 2ω = 2.16 µm to λ ω = 2λ 2ω = 2.42 µm, showing good agreement with the simulated quasi-phase-matched pump wavelengths (Fig. 5) . The measurement uncertainty due to fibre-to-chip coupling was again ±0.9 dB. The performances of the integrated second-harmonic generators considered here (and those of alternative platforms) are provided in Table 1 , showing that the conversion efficiency of EFISHG in silicon is a major step towards a CMOS-compatible efficient SHG. Such secondharmonic generators can enable many potential applications, one of which is the extraction and locking of the carrier-envelope frequency offset for an octave-spanning supercontinuum signal that spans from ∼1.08 to ∼2.42 μm (ref. 35 ).
Conclusions
We have demonstrated electric-field-induced second-order nonlinear susceptibility in silicon waveguides using CMOS-compatible fabrication methods. The origin of this second-order nonlinearity is the large third-order nonlinear susceptibility of silicon combined with large electric fields generated within reverse-biased p-i-n junctions, breaking the crystalline symmetry of silicon. The d.c. Kerr effect in silicon is used as an optical phase shifter in multiple MZIs, demonstrating a V π L as low as 2.8 V cm. We expect this technology to allow for non-distorted translation of electronic-to-photonic signals, leading to linear, analog transmitters for RF, microwave photonics and photonic digital-to-analog converters with minimum signal processing and compensation. These modulators could be ideal candidates to replace plasma-dispersion-based modulators in data centres, high-performance computers and telecom devices. We also obtained a second-order nonlinear susceptibility with a quasi-phase-matched EFISHG device, measuring a conversion efficiency of P 2ω /P ω 2 = 13 ± 0.5% W −1 at λ ω = 2λ 2ω = 2.29 µm that corresponds to an effective field-induced χ 2 of 41 ± 1.5 pm V -1 . Changing the waveguide width and the spatial period, SHG was also measured at wavelengths ranging from λ ω = 2.16 µm to λ ω = 2.42 µm. Future work will look into sum/difference frequency generation for applications such as lasers at telecom or mid-infrared wavelengths and terahertz generation.
Methods
Methods and any associated references are available in the online version of the paper. The table shows that the device performance reported in this work is comparable with that achieved in non-centro-symmetric media. *Second-order nonlinear susceptibility of the material; † length of the integrated SHG structure; ‡ measured SHG efficiency, defined here as the ratio of SHG power to the power in the fundamental squared. QPM, quasi-phase-matched.
Device fabrication. The silicon ridge waveguide with an integrated lateral p-i-n junction was fabricated in a 300-mm-diameter wafer CMOS foundry using SOI wafers with a 225 nm top silicon layer and a 2 µm buried oxide (BOX) layer for optical isolation. The SOI was fully etched to form the waveguides. It was followed by a partial silicon etch to form the ridge waveguides. The etch depth was 110 nm. An oxidization step was used to passivate the sidewalls, which reduced the full waveguide thickness to 220 nm and the ridge thickness to 100 nm. The p-i-n junction was formed by arsenic (As) and boron difluoride (BF 2 ) implants with target doping concentrations of 10 18 cm . The tungsten vias were contacted to highly doped regions by self-aligned silicidation. Two copper routing layers were used to contact on-chip ground-signal-ground (GSG) d.c. probing pads (60 × 60 µm 2 ) at a 100 µm pitch.
Process and electrical simulations. Process simulations for silicon ridge waveguides were performed following the device fabrication steps in Synopsys' Sentaurus Process to form p-i-n junctions within these waveguides. The waveguides were then d.c. biased in a Sentaurus Device (Synopsys). The carrier distributions and depletion widths were extracted as a function of applied voltage bias.
Eigenmode simulations. The silicon and SiO 2 refractive indices for pump and signal wavelengths were determined using the fit parameters to Sellmeier's equation in ref. 36 . The carrier distribution within the silicon ridge waveguide was simulated using the Sentaurus Process and Device. The carrier distribution was converted to an electro-refractive index distribution using the fit parameters for the plasmadispersion effect in ref. 24 . These fit parameters were extracted at λ er ≈ 1.55 µm. The electro-refractive index distributions at pump and signal wavelength were scaled by (λ ω /λ er ) 2 and (λ 2ω /λ er ) 2 , following the plasma-dispersion relation in ref. 20 . The refractive indices and electro-refractive index distributions at pump and signal wavelengths were combined, respectively. The mode profiles and complex propagation constants for the resulting index distributions were simulated using a finite-difference modesolver 23 . The loss coefficients at pump and signal wavelengths were extracted from the imaginary part of the complex propagation constants.
In equation (1), the d.c. Kerr relative permittivity is expressed as Δε dc Kerr = 12χ Direct-current Kerr measurements. For the d.c. Kerr phase shifters, the optical path difference between the MZ arms was minimized with a silicon heater in one of the MZ arms. The other arm of the MZI was also doped to minimize the loss difference between the arms. A c.w. laser at λ ≈ 1,580 nm was coupled through a single-mode fibre (SMF-28) to an inverse silicon taper. The linearly polarized output of the SMF-28 and the fundamental TE mode of the on-chip waveguide were aligned using a fibre polarization controller. Another SMF-28 fibre was used to collect the output light. The insertion losses due to the fibre couplers were subtracted before fitting the cross and bar ports.
EFISHG measurements. For the EFISHG devices, a near-infrared c.w. tunable pump laser was free-space-coupled to one end of a single-mode fibre (SMF-2000) and the other end of the fibre was cleaved. The cleaved fibre end was used to couple the pump laser to an on-chip inverse silicon taper. A polarization controller was used to align the linearly polarized output of the SMF-2000 and the fundamental TE mode of the on-chip waveguide. The on-chip pump and harmonic powers were calibrated by measuring fibre-to-chip coupling losses (12 dB and 6 dB for pump and signal wavelengths) and waveguide losses (α ω = 3.3 cm −1 (14.3 dB cm -1 ) and α 2ω = 0.3 cm −1 (1.3 dB cm -1 )) using waveguides with varying lengths. The waveguide losses were in agreement with the simulated numbers. The maximum on-chip pump power around λ ω ≈ 2.29 µm was measured to be P ω = 25 mW, limited by the coupling losses and pump laser. The secondharmonic signal was collected using a lensed single-mode fibre (SMF-28) and the wavelengths of both pump and second-harmonic signals were measured using external OSAs.
Duty cycle errors. Lithography can lead to errors in duty cycle 37 . The expected conversion efficiency as a function of duty cycle errors, η, normalized to the ideal η 0 , is derived to be η/η 0 = e
, where σ is the root-mean-square (r.m.s.) error in the duty cycle. An r.m.s. duty cycle error of σ/Λ = 1/5.4 halves the conversion efficiency but the expected mask alignment error is σ/Λ < 1/20 in the silicon photonics platform, which corresponds to less than a 5% reduction in conversion efficiency.
Data availability. The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.
